We herein assessed the influence of Epidermal Growth Factor Receptor (EGFR) gene mutations on EGFR expression levels, downstream mediators such as Akt or ERK and overall survival in patients with ovarian cancer.
Introduction
Ovarian cancer is the most frequent cause of cancer-related deaths among all gynecological cancers. Approximately 70% of all patients with ovarian cancer are diagnosed at an advanced stage. The current management of patients with advanced disease involves optimal surgical debulking followed by chemotherapy. The current standard chemotherapeutic approach for ovarian cancer patients includes platinum-based regimens. Although this treatment is highly effective, 60-80% of women still die of this disease. 1 The main reasons for poor prognosis are a high recurrence rate and resistance to second-line chemotherapeutics. Therefore, the development of new therapies is critical for treatment of ovarian cancer patients.
The Epidermal Growth Factor Receptor (EGFR) is involved in many cellular processes including cell proliferation, motility, adhesion and angiogenesis via the activation of principally two pathways: Phosphatidylinositol-3 Kinase (PI3K)/Akt pathway, and the External signal-Regulated Kinase (ERK) pathway. EGFR is widely expressed in a variety of human tumors including head and neck cancer, breast cancer, non-small-cell lung cancer (NSCLC) and ovarian cancer 2 and is a promising target for cancer therapy. The EGFR is reported to be present in 33-75% of ovarian cancers 3 and has been implicated in both the growth and progression of this disease. [4] [5] [6] Given the importance of this receptor in both ovarian cancer growth and progression, EGFR therefore represents a good target for anticancer drug development.
Recent several studies showed that in the NSCLC, a kinase domain mutation of the EGFR gene was predictive for significant clinical responses to the selective EGFR inhibitor Gefitinib. [7] [8] [9] [10] [11] [12] [13] Although Paez et al. reported that EGFR mutations were more frequent in adenocarcinoma than in other NSCLCs, and were more frequent in patients from Japan than those from the United States (28 vs. 2%), 10 there were only four mutations of the EGFR gene in ovarian cancer patients worldwide as previously reported. 4, 6, [14] [15] [16] In ovarian cancer, a phase II trial to assess Gefitinib as a single agent was well-tolerated but had minimal activity in patients with recurrent ovarian cancer or primary peritoneal carcinoma. 16 However, the efficacy of a large number of and 8 patients had exon 21 mutations. The mutation types are shown in table 2. In exon 18, 17 point mutations were detected, including 12 missense mutations and 5 silent mutations. Three tumors had the same point mutation at codon 703: CTC to CCC. In exon 19, two tumors had the same type mutation resulting in an in-frame deletion, removing amino acids 746 through 750 (delE746-A750), which is the major type of EGFR mutation in NSCLC. One patient harbored the silent point mutation at codon 744: ATC to ATT. In exon 21, 9 point mutations, including 6 missense mutations and 3 silent mutations, were detected. One tumor had the point mutation at codon 858: CTG to CGG, which is also the major type of EGFR mutation in NSCLC tumors.
Correlation with clinicopathological features and molecular markers. In tumor specimens obtained by surgical resection, EGFR, pAkt and pERK protein expression was positive in 47 (46.1%), 49 (48%) and 17 (16.7%) of the 102 patients. A representative example of the immunostaining analysis is shown in Figure 1 . EGFR expression was detected mainly in the membrane and pAkt and pERK expression were detected mainly in the cytoplasm of tumor specimens. We examined the relationships between the clinicopathological factors and the EGFR gene mutation status or the immunohistochemical staining patterns, which are listed in table 3. No significant associations between EGFR, pAkt or pERK expression status and any clinicopathological factors were observed. However, EGFR gene mutation status was significantly related to histological type (p = 0.04). EGFR mutations were observed 27.9% (19/68) in serous adenocarcinomas, 15.0% (3/20) in clear cell adenocarcinomas and 66.7% (2/3) in mucinous adenocarcinomas, while no mutations were observed in endometrioid adenocarcinomas (0/11).
impact of molecular markers on survival. We next examined the staining intensity of various markers and patient survival. The median survival time for all patients was 5.5 years. Overall survival curves were stratified according to FIGO stage, EGFR protein expression, pAkt expression, pERK expression and EGFR gene mutation status ( Fig. 2) . A univarite analysis revealed a high tumor pAkt expression along with the FIGO stage to be significantly associated with a poor outcome regarding both the progression-free survival (p = 0.01) and overall survival (p = 0.05). However, pERK expression (data not shown), EGFR expression and EGFR gene mutation status was not significantly related to survival time, respectively. multivariate survival analysis. Using the Cox proportional hazards models, we conducted a multivariate analysis to assess the predictive value of the tumor EGFR gene mutation status. In addition, the EGFR expression, pAkt expression and pERK expression were analyzed for the progression free survival and overall survival. We also included the following known prognostic variables: FIGO stage and initial histological type (serous and endometrioid vs. clear and mucinous). A high pAkt expression (99% CI, 1.11-2.93; p = 0.017) along with the FIGO stage (99% CI, 2.29-6.94; p < 0.001) were found to be significant predictor variables of the progression free survival. Regarding overall survival, a high pAkt expression (99% CI, 1.08-3.14; p = 0.025) along with the FIGO stage (99% CI, 2.20-7.14; p < 0.001) were EGFR gene mutation-positive patients treated with the selective EGFR inhibitor Gefitinib in ovarian cancer remains unclear.
Akt and ERK are important downstream signaling molecules of EGFR. 17 However, it remains to be elucidated whether Akt, ERK and EGFR are indeed the most important molecules associated with either the response of anticancer agents or the prognosis of ovarian cancer. In vitro assays have shown that a mutation in the tyrosine kinase domain of the EGFR protein resulted in stronger activation of its signaling cascade. 9, 11 To date, many investigators extensively studied the associations between EGFR mutation and the downstream molecules such as Akt and ERK in lung cancer cell line and revealed that EGFR mutation is almost always accompanied with enhanced signaling of intracellular cascades in preclinical setting. [18] [19] [20] [21] We therefore hypothesized that Akt and ERK may be phosphorylated at higher frequencies in tumors with EGFR mutations than in tumors without EGFR mutations, and such activation may correlate with poor prognosis. Therefore, to clarify the clinical significance of EGFR-related molecular markers in ovarian cancers, we investigated EGFR gene mutations and expression as well as activation of downstream molecules using clinical tumor specimens from ovarian tumors of cancer patients. Finally, we assessed mutated EGFR association with clinicopathological factors and treatment outcomes. ovarian cancer and we have demonstrated that EGFR mutations are frequent in ovarian cancers from Japanese patients. These results might indicate that EGFR mutations are affected by ethnic variations, in line with previous studies on NSCLC. 10 Interestingly, histological analysis revealed that no mutations are present in endometrioid adenocarcinoma, suggesting that EGFR mutations might differ across histological types. However, there is little evidence thus far to validate these hypotheses, which will require future studies. Moreover, previous studies on the relationship between EGFR overexpression and clinicopathological characteristics, the patient response to chemotherapy and survival have shown conflicting results in ovarian cancers. 5, 24, 25 In our immunohistochemical analysis, we also did not find any statistically significant associations between EGFR expression and prognosis, or between EGFR mutations and protein expression.
Results

mutation analysis of eGFr gene in ovarian
Recently, some investigators have reported EGFR gene mutationpositive patients in NSCLC to demonstrate the greatest progression-free survival and overall survival benefit from the selective EGFR inhibitor Gefitinib. 7 4, 6 In this study, two of the EGFR mutations we observed were the deletion of E746-A750 mutation, and we found that the remaining 27 mutations were nucleotide substitutions in exons 18, 19 and 21, which were not previously described. To our knowledge, this is the first report to describe tumors which harbor various EGFR mutations in in Akt, are associated with resistance to platinum-and taxanebased chemotherapy and Akt inactivation sensitized human ovarian cancer cells to Cisplatin and Paclitaxel. [30] [31] [32] [33] Moreover, Gefitinib inhibited the activation of Akt and ERK in lung cancer cell lines. 34 These results indicated that the Akt cascade, but not necessarily EGFR, is a promising target for development of chemotherapeutic drugs for the treatment of ovarian cancer. In the response of the platinum-based chemotherapy and prognosis for ovarian cancer patients, we would like to emphasize the importance of the Akt cascade. Further studies will thus be required to determine whether the response rate of ovarian cancer patients can be increased by using such molecular targeting strategies.
In conclusion, we herein demonstrated that EGFR gene mutations are frequent in not only NSCLC, but also ovarian epithelial cancer in Japanese patients, but they do not correlate with either the EGFR protein expression or clinical outcome. The administration of Gefitinib to patients with ovarian cancer might therefore offer some benefits when selecting patients with EGFR mutations. However, this hypothesis still need to be confirmed in the context of a prospective study. Taken together, the EGFR mutation status was not associated with Akt activation, and the molecular factor which correlates with survival is Akt. The inhibition of the Akt pathway may therefore be a potentially useful molecular target in ovarian cancer. 22 stages II, III and IV) who underwent a surgical resection in the Department of Gynecology of Osaka Medical College Hospital in Japan between 1991 and 2005 and were treated postoperatively with platinum-based chemotherapy. In all cases, an effort was made to perform optimal surgical cytoreduction and adequate staging, which included, at least, total abdominal hysterectomy with bilateral had a progression-free survival of more than 6 months, including one partial responder (4%) in ovarian cancers. 16 The authors also reported that the response rate for patients with EGFR-positive tumors was only 9% (1 of 11), and did not find any association between EGFR mutations and Gefitinib sensitivity in ovarian cancers. 16 Lacroix et al. also reported that the response of patients with platinum-resistant ovarian cancers to Gefitinib was independent of EGFR mutational status. 14 However, these studies could not evaluate the efficacy of a large number of EGFR gene mutation-positive patients treated with the selective EGFR inhibitor Gefitinib in ovarian cancer. We did not find any significant associations between EGFR mutations and survival time in ovarian cancer patients treated with platinum-based chemotherapeutics, although these eligible patients were not treated with the selective EGFR inhibitor Gefitinib. According to the current clinical studies on NSCLC, [7] [8] [9] Gefitinib might therefore be highly effective for the treatment of ovarian cancer patients with EGFR mutations. Further studies will thus be required to determine whether the response rate of ovarian cancer patients with EGFR gene mutations can increase using the selective EGFR inhibitor Gefitinib.
Material and Methods
patients. The inclusion criteria were 102 primary epithelial ovarian cancer patients (FIGO [International Federation of Gynecology and Obstetrics]
In this study, the overexpression of pAkt correlated with the progression-free survival for patients with ovarian cancer. Akt is regulated by many factors including Her2/neu, Platelet-Derived Growth Factor Receptor and BCR-ABL in tumor cells. 26 These relationships suggest that Akt may be activated by upstream molecules other than EGFR in ovarian cancer. Altomare et al. demonstrated that positive expression of the pAkt protein was related to the degree of differentiation and clinical stage of ovarian cancer. 27 Consistent with the Guo et al. study, pAkt was involved in invasion and metastasis of ovarian cancers. 28 Moreover, the Akt inhibitor API-2 has recently been described as an effective treatment in animal models of ovarian cancers. 29 According to previous studies, Akt activation might be a key step in the development and/or progression of ovarian cancer. We previously reported that Akt is a key molecule for anticancer drug resistance and clarified that EGFR, as well as alterations Table 3 . Correlation with clinicopathological features and molecular markers (SAS Institute, Cary, NC USA). Fisher's exact probability test was used for evaluating correlations between immunohistochemical and clinical data. The end points investigated were the progression-free and overall survivals (PFS and OS). The progression-free survival was defined as the time from the first day of chemotherapy until the first of either death from any cause or disease progression (based on an increase in the CA 125 levels and/or on the findings of imaging studies). Overall survival was defined as time from the first day of chemotherapy to death from any cause.
Univariate and multivariate analyses of the progression free survival and overall survival were determined with the Kaplan-Meier method using a log-rank test and the Cox proportional hazards model, respectively. Differences with p values of less than 0.05 were considered to be statistically significant. salpingoophrectomy, omentectomy, peritoneal washings and retroperitoneal lymphadenectomy. The histology of all carcinomas was determined by a gynecological pathologist according to the WHO criteria (World Health Organization). 23 The Institutional Review Board approved this study and informed consents were obtained from all patients.
pCr amplification and analysis of eGFr gene mutations. Genomic DNA was extracted from microdissected tissue obtained from paraffin-embedded tissue samples. Nested polymerase chain reaction (PCR) method was performed for the 3 exons (exons 18, 19 and 21) encoding the tyrosine kinase domain of the EGFR. We used primers as follows: exon 18, forward 5'-GAC CCT TGT CTC TGT GTT CTT GT-3', reverse-1 5'-TAT ACA GCT TGC AAG GAC TCT-3', reverse-2 5'-CCA GAC CAT GAG AGG CCC TG-3'; exon 19, forward 5'-CAG ATC ACT GGG CAG CAT GT-3', reverse-1 5'-AGG GTC TAG AGC AGA GCA GC-3', reverse-2 5'-GCC TGA GGT TCA GAG CCA T-3'; exon21, forward 5'-CAT GAT GAT CTG TCC CTC ACA G-3', reverse-1 5'-CTG GTC CCT GGT GTC AGG AA-3' and reverse-2 5'-GCT GGC TGA CCT AAA GCC ACC-3'. PCR conditions were as follows: 94°C for 3 min, 35 cycles of 94°C for 30 sec, 58°C for 30 sec and 72°C for 1 min and a final cycle of 72°C for 5 min. PCR products were purified and directly sequenced using the BigDye Terminator v1.1 Cycle Sequencing Kit (Applied Biosystems) with ABI PRISM 3130 Genetic Analyzer (Applied Biosystems).
immunohistochemistry. Tumor samples were formalin-fixed and embedded in paraffin. EGFR expression was analyzed using the EGFR pharm Dx kit (Dako Cytomation). pAkt and pERK were analyzed as follows: briefly, Tumor sections were incubated at 4°C for 18 h with the phospho-AKT specific antibodies phospho-Akt(Ser473)(736E11), at a 1:50 dilution (Cell signaling Technology) and Phospho-p44/42(Thr202)(Tyr204), at a 1:200 dilution (Cell signaling Technology). Evaluation of the immunohistochemical data was performed by two independent pathologists who were blinded to clinicopathological data. An overexpression of EGFR, pAkt and pERK was defined to exist if 70% or more of the tumor cells exhibited the cytoplasmic and/or nuclear staining or membranous staining. statistical analysis. Statistical analyses in this study were carried out with the StatView statistical software package 
